Orthorhombic phase of Si-doped F e carbide is synthesized at high pressures and temperatures using laser-heated diamond anvil cell (LHDAC), followed by its characterization using Transmission Electron Microscopy (T EM ), Raman spectroscopy, and X-ray diffraction (XRD) measurements. High-pressure XRD measurements on the synthesized sample are carried out up to about 104 GPa at room temperature for determination of its equation of state (EOS) parameters. No structural change is observed, though two anomalies are observed in the compression behaviour of our sample at about 28 and 78 GPa, respectively. Pressure evolution of isothermal bulk modulus show elastic stiffening around 28 GPa followed by softening around 78 GPa. These anomalies are possibly related to two different magnetic transitions driven by pressure induced anisotropic strain in the unit cell. Extrapolation of the density profile of our study to the inner core conditions agrees within 2-3% with respect to PREM data.
I. INTRODUCTION
Over several decades composition of Earth's core has been under extensive debate in scientific communities. Amongst several elements, Iron (F e) and its alloys with Nickel (Ni) have been predicted to be the main components of the Earth's core from X-ray diffraction experiments at extreme pressures 1,2 . But densities of these materials are found to be significantly higher than that of Earth's core obtained from seismic observations 3,4 . In view of the above it has been suggested that a few percentages of light elements may be present along
with F e or F e − Ni alloy 5-8 . Initially, Carbon (C) was considered to be the leading light element along with F e in the form F e 3 C at Earth's core due to its high solar abundance, chemical affinity to iron at low pressures, and overall ability to lower the density of pure F e
or F e − Ni alloy 9 . Sata et al. 10 did show that C is the most dominant constituent along
with F e in comparison with other light elements such as Si, O, S due to its minimal density deficit with respect to the PREM data at inner core conditions 3 . However, theoretical studies predicted a non-magnetic F e 3 C with stiffer bulk modulus compared to the PREM data 11 .
High pressure and high temperature experiments using both multi-anvil (MA) cell and LHDAC on F e − C system resulted in crystallization of a new iron-carbide phase with chemical formula F e 7 C 3 at about 1500
• C and 10 GPa, which is predicted to be a potential candidate of solid inner core [12] [13] [14] [15] [16] [17] [18] [19] . Several research groups indexed the synthesized phase to be of hexagonal crystal structure 12, 18 . Electronic structural calculations by Mookherjee et al. 16 on hexagonal F e 7 C 3 at Earth's core conditions proposed around 7% less density have successfully synthesized orthorhombic phase of Si-doped F e 7 C 3 at high pressures and high temperatures using LHDAC facility present in our laboratory. We have characterized the above material by T EM, Raman, and XRD measurements. We have also carried out the equation of state measurements on Si-doped F e 7 C 3 at room temperature. We have estimated the bulk modulus and the density at inner core conditions by extrapolating our results, which is found to be closest to the PREM data within error limits.
II. EXPERIMENTAL
We have prepared a homogeneous stoichiometric mother mixture of 2 gm taking appropriate amounts of Fe (CAS No: 7439-89-6, purity: >99.5% (RT), grain size : 5-9 micron), nano-diamond (CAS No: 7782-40-3, purity: >95% trace metal basis, grain size : 10 nm)
and Si powders (CAS No: 7440-21-3, purity: >99% trace metal basis, grain size : 2-5 micron) having atomic ratio F e : C : Si = 70:25:5, which is grinded over a long period of time in mortal pestle in alcohol. This provides us a very homogeneous mixture of the sample.
Thin pellet of the above mixture of approximate diameter of about 60 -80 µm, sandwitched between pellets of dried NaCl (15 µm) are loaded in LHDAC. The LHDAC consists of a plate type DAC (Boehler-Almax design) of culet diameter 300 µm with a stainless steel gasket having a hole of diameter ∼ 100 µm pre-indented to a thickness of 45 µm. A few ruby chips of approximate size 5 µm are placed at the gasket edge to determine the pressure in the LHDAC before and after heating using ruby fluorescence method 21 . Heating of the sample to determine the crystal structure and elemental analysis to determine Si content. XRD measurements of all these retrieved samples have been carried out in P02.2 beamline of Petra-III synchrotron radiation facility of Hamburg, Germany using 42 keV X-ray source.
In situ high-pressure high-temperature X-Ray diffraction measurements also carried out in the above synchrotron source using the LHDAC facility consisting of membrane driven symmetric DAC of culet 150 µm. In this case dried MgO is used as a pressure transmitting medium as well as a pressure marker 25 . A total number of four high pressure high temperature XRD measurements are performed. In all LHDAC heating experiments the laser spot is moved around in pre-determined grids for heating of the complete sample volume.
We have carried out the heating run for 2-5 minutes at each pressure and temperature and continuously check the evolution of pattern during heating. Synchrotron powder diffraction measurements are carried out using monochromatic X-ray radiation of wavelength 0.29Å collimated to 1.2×2.3 µm 2 . Diffracted X-rays are detected using a Perkin-Emler 1681 detector aligned normal to the beam. The sample to detector distance is calibrated using CeO 2 standard. Collected two-dimensional diffraction images are integrated to intensity versus 2θ profile using Dioptas software 26 available in the P02.2 beamline and then analyzed using the CRYSFIRE and Rietveld refinement program of GSAS 27,28 .
III. RESULTS AND DISCUSSION
Raman spectra of unheated and recovered samples after heating at three different runs Rietveld refinement shows an excellent fit as evident from the figure. Moreover, fractional occupancy of C and Si are found to be 83% and 17% at the C cite, respectively. This shows that 17% of C cite is replaced by the Si in the orthorhombic F e 7 C 3 phase. In comparison to the pure orthorhombic phase of F e 7 C 3 at room temperature and pressure as reported in the literature 15, 19 , we have observed 4%, 6%, and 10% increase in the values of a, c, and V, respectively; while we obtain similar value of b. This may due to large diameter of Si (2.10 A) with respect to C (1.70Å), and low electronegativity of Si (1.9) with respect to C (2.55) causes the expansion in the lattice parameters and hence in volume. Henceforth, we label our synthesized orthorhombic Si-doped F e 7 C 3 as o − F e 7 (C, Si) 3 . In situ X-Ray diffraction measurements at higher pressures and higher temperatures in P02.2 beamline confirmed the presence of same phase of o−F e 7 (C, Si) 3 . We have carried out XRD measurements at much high pressures and high temperatures to look for any new modification of o − F e 7 (C, Si) 3 , however failed to obtain any phase other than the orthorhombic phase. In Fig. 2(b) , we have
shown the Rietveld refinement of the diffraction pattern collected at a pressure 32 GPa and temperature 2000 K in the orthorhombic phase and indexed each peak. Our high pressure XRD measurements on o − F e 7 (Si, C) 3 at room temperature up to about 104 GPa do not show any structural phase transitions ( Supplementary Fig. 3 ).
In Fig. 3 (a) we have compared the pressure evolution of volume of the o − F e 7 (C, Si) 3
at room temperature in our study with those reported in the literature for pure o − F e 7 C 3
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and Si-doped o − F e 7 C 3 20 . We have found 1-3% volume increment at high pressure (28-104 GPa) regime of our study in compared to above studies. The errors are calculated using the error obtained in pressure from MgO pressure marker. Volume error is obtained from the indexing of XRD patterns. Two anomalies are seen at about 28 GPa and 78
GPa, respectively. To understand the effect of strain on the compression behaviour of o − F e 7 (C, Si) 3 , we have plotted reduced pressure(H =
) with respect to the Fig. 3 (b). The behaviour is expected to be linear as following equation 31,32 :
where, V 0 is the volume at 1 bar and 300 K, V is the volume at pressure P , K 0 is the bulk modulus, and K ′ is the first derivative of bulk modulus. However, the plot shows two distinct discontinuities at around 28 GPa and 78 GPa. In the pressure range 28-78
GPa Eulerian strain shows almost 70% increment, indicating a large pressure induced strain in the lattice. The discontinuities in the H versus f E plot have been previously observed in F e 3 C and h − F e 7 C 3 system during the magnetic transition with the absence of any structural transition 12, 18, 33 . Therefore, we have carried out separate 3 rd -order B-M EOS fitting in the three regions (i) 0-28 GPa, (ii) 28-78 GPa, and (iii) 78-104 GPa, respectively, which is shown in Fig. 3 (a). The fitted values of V 0 , K 0 (bulk modulus) and K ′ (first derivative of bulk modulus) in the pressure range (i) are 822(8)Å 3 , 72(7) GPa and 5.8(7), respectively. The value of K ′ is consistent with ǫ − F e and o − F e 7 C 3 1,2,19 . The sample seems to be highly compressible up to 28 GPa. In the range-(ii), values of V 0 , K 0 and K ′ are found to be 716(6)Å 3 , 294(17) GPa and 5.9(6), respectively. K 0 and K ′ are consistent with the hexagonal phases of F e 7 C 3 in their paramagnetic phase 12, 15, 18 . In this pressure range, the sample is less compressible than the range-(i). Above 78 GPa, the volume decreases faster with pressure indicating increase in compressibility. For being very narrow range of pressure in range (iii), we fit our P-V data in the range 78 to 104 GPa using 2 nd -order Birch-Murnaghan EOS and find the best fit for V 0 to be 830Å 3 . Taking this initial V 0 we fit our data in this pressure range using 3 rd -order Birch-Murnaghan EOS floating K 0 and K ′ and find the best fit for K 0 = 141(9) and K ′ = 3.9(4). Value of K 0 seems to be low in comparison to that of the paramagnetic phase of h − F e 7 C 3 12,15,18 . However, the value of K ′ is consistent with the non-magnetic phases of iron carbide 12, 16 . The lattice parameters and volume of the sample at each pressure points are presented in Table-I in the Supplementary information. Also, the atomic positions at each pressure point are tabulated in Table-III High-pressure Mossbauer spectroscopic study of F e 3 C shows a ferro-to-paramagnetic transition around 8-10 GPa and a spin transition at about 22 GPa 33 . Other high pressure experiments on hexagonal F e 7 C 3 have shown two anomalies in the compression curve at around 7-18 GPa and 53 GPa corresponding to the ferro-to-paramagnetic and para-to-nonmagnetic phase transition, respectively 12, 18 . In o − F e 7 C 3 , Prescher et al. 19 have observed a ferromagnetic to paramagnetic phase transition at around 16 GPa and a paramagnetic to non-magnetic phase transition at 70 GPa, which is reflected in the mean C to F e atom distance with pressure. In all possibility these magnetic transitions are reflected in our volume as well as axial compressibility behavior.
The elastic hardening of o − F e 7 (C, Si) 3 is observed at 28 GPa as indicated by a sharp increment of bulk modulus (K 0 ) followed by an elastic softening at 78 GPa as evident from the drop of K 0 value at 78 GPa as shown in Fig. 4(a) . This surprising elastic hardening at low-pressure range and softening at higher pressure can be attributed to magnetic transitions as observed in the case of reported high pressure phase of F e 7 C 3 12,13,18,19 . Though we have not performed any magnetic measurements on our sample, we propose the anomalies observed in the compressional behaviour of o − F e 7 (C, Si) 3 unit cell are probably related to the above magnetic transitions in comparison with literature 12, 13, 16, 18, 19, 33 . Possibly the pressure induced anisotropic strain induces these magnetic transitions. We have compared our isothermal bulk modulus (K 0 ) extrapolated to inner core pressure at 300 K with that of other phases of F e 7 C 3 calculated using EOS fitted parameters and PREM data in the inset of Fig. 4(a) 3,12,18,19 . As evident from the inset of Fig. 4(a) , our K values approach very close to the PREM data among all having non-magnetic phase. The value seems to be 13-15% less than the that of PREM data in the shown pressure range and is better matched with respect to other reported values for non-magnetic phase.
We have estimated the density of o − F e 7 (C, Si) 3 from 104 GPa to inner core pressure at 300 K taking into account the EOS parameters of the range-(iii) in our study and compared with that of pure F e, PREM data, and other phases of F e 7 C 3 in Fig. 4(b We have assigned the errors in the density (Fig. 4 ) from the errors in the measurement of the mass of the mother mixture at ambient pressure and errors in the volume from the 3 r d-order Birch-Murnaghan EOS using standard deviation of the EOS parameters obtained from the fitting of P-V data in the range 78-104 GPa. The overall error in the density measurement is found to be ± 2% at the core pressure. We have found around 5% higher density of our o − F e 7 (C, Si) 3 at 300 K in comparison to PREM data. The inner core temperature ranges from 5000 to 7000 K as estimated by Boehler 35 . We have estimated the temperature effect on our density value from the thermal pressure following the equation P (V, T ) = P (V, T 0 ) + P th (T ); where P (V, T 0 ) is the B-M EOS and P th (T ) (αK T ∆T , where α is thermal expansion coefficient and K T is the bulk modulus and ∆T = T − T 0 ) is the thermal pressure 36 . Thermal pressure P th (T ) is the pressure that would be created by increasing temperature from T 0 to T at constant volume. Since we have used MgO as pressure standard and observed the pressure before heating, during heating and after heating around 2000 K in few runs, we can assess the effect of temperature from thermal pressure on density. We have plotted temperature versus thermal pressure and is shown in Fig. 4 in the supplementary information. We have found 10 GPa of thermal pressure at a temperature 2000 K from MgO EOS, which in turns provides, αK T = 0.0058 (5) GPa −1 . Extrapolation of the density profile of the range (iii) in our study to the inner core pressures at 7000 K is found to 2% higher than PREM data 3 . Among all the reported densities at the Earth's core pressures and temperatures, extrapolation of the density profile of the range (iii) at 7000 K to the inner core pressures agrees very well with the PREM data 1,3, 12, 15, 18, 19 . Therefore, we
propose that o − F e 7 (C, Si) 3 can be a strong contender for the composition of Earth inner core. More measurements are also necessary to resolve the inner core constituent.
IV. CONCLUSIONS
We have successfully synthesized o − F e 7 (C, Si) 3 , followed by characterization using T EM, Raman, and XRD measurements. High-pressure XRD measurements reveal no structure transition up to 104 GPa at room temperature, the highest pressure in this study.
High-pressure compression behaviour of our sample reveals two anomalies around 28 and 78
GPa and anisotropic compression of the unit cell. Isothermal bulk modulus shows elastic stiffening around 28 GPa followed by an elastic softening around 78 GPa. We attribute these anomalies to the magnetic transitions. We have estimated the bulk modulus to the inner core pressures and density to the inner core pressures and temperatures by extrapolating our results. The bulk modulus approaches very close to the PREM data. Also our estimated density of the inner core at 7000 K seems to have excellent match with PREM data. Table-SI. In Table- SII, the axial compressibility for each axis are listed for three different pressure ranges. The atomic positions at each pressure point of o − F e 7 (C, Si) 3 are tabulated in Table- 
